The voltmeter-in-series circuit Fig. 1 . shows the circuit of the April, 2018 Challenge, Why so series? [1, 2] . In the original text R and -3R resistors were mentioned, where the latter was due to an oversight, but this could be obvious for most of the readers. However, looking at the voltmeter in series can be more confusing, since it is intentional. Although real voltmeters have finite internal resistance and some current can flow through them, voltmeters are taught to be connected in parallel to the components on which the voltage drop is to be measured. Following the anomalous use of the voltmeter shown above, one could connect a non-ideal ammeter in parallel and one could come up with a circuit, where two different voltage sources with non-zero internal resistances are connected in parallel, see Fig. 2 . Looking at these circuits likely makes most of us feel uncomfortable.
So, it is worth to discuss this approach and its function in education.
Theoretically it seems to be allowed to connect non-ideal ammeters and voltage sources with certain non-zero internal resistances in parallel.
Ideal and real voltmeters and ammeters
A perfect instrument must not affect the operation of the observed system. Therefore, an ideal voltmeter has infinite input resistance, so it behaves like an open circuit, while an ideal ammeter has zero input impedance, thus acts as a short circuit (see Fig.3 .). In electronics, real components are modelled by combinations of ideal components. A real voltmeter is represented by an ideal voltmeter and a resistor, or more generally, an impedance, connected in parallel (see Fig.4 .). So, it acts like an impedance, it can conduct current. Similar is true for real ammeters; they also function as impedances. From this point of view, only their very different practical impedance values separate them. 
Using voltmeters
In practice the impact of the input impedance of voltmeters on the system operation must be small enough. Therefore, there is always a certain limit of application, since the required accuracy must not be compromised by the presence of the input impedance. For most digital multimeters (DMM) the value is 10 MΩ, while oscilloscope inputs load the signal source with 1 MΩ.
Note also, that in some exceptional cases low input impedances can be desirable. High speed signals may need proper termination to avoid reflections [3] and low impedance (Lo Z) voltmeters also exist to cancel the so-called ghost voltages typically present in mains circuits [4] .
Can the input impedance of a voltmeter be taken into account?
One may think that if the input impedance ZIN of the voltmeter is known, then its effect can be taken into account and the voltmeter can even be used to measure the current flowing through it. For instance, the VG voltage of a generator connected to the voltmeter via a series resistor R (Fig.5.) can be calculated as
where V is the measured voltage. For example, if a DMM has ZIN=10 MΩ input impedance, displays a value of 10.00 V and R is 1 MΩ, then VG is 11.00 V (Fig.5.) . In the same case, the current that flows through ZIN is equal to 1.000 μA (Fig.6.) .
It seems to be very straightforward. However, doing so is not a good practice at all!
All instruments must have accuracy specifications and defined normal operating conditions, otherwise the measured value would be unreliable. Without knowing its correctness, the measured value is practically useless. Although the voltage measurement accuracy of a voltmeter is always given (for ideal voltage sources), the input resistance tolerance is much less tight or what is even worse from this point of view, only a typical or minimum value is specified [5] . Therefore, using the nominal value can introduce significant errors and can even cause the loss of reliability. One should never trust uncertain values and unspecified operation conditions must always be avoided in any technical application and related education [6] . We should only use a voltmeter in such cases when its input impedance does not compromise the required accuracy. Note also, that while the DMM input impedance is independent of the selected voltage measurement range, the old school analog voltmeters exhibit strong dependence. Switching to another range changes the impedance drastically.
Principles in STEM education
In engineering (but also in other fields including traffic, communication, economy, etc. ) standards and well-established rules are used to guarantee proper operation and reliability which are essential for all electronic systems. Instruments, electronic components must always be used according to the specifications. In addition, there is no justifiable need to do the opposite. Violation of the rules and standards can be dangerous, can lead to unexpected behavior and getting used to it can result an undesirable attitude. STEM and related physics education play a very important role in developing carefulness, reliability and right attitude in engineers, scientists and teachers of the future.
According to the above we believe that voltmeters and other electronic components should never be used out of their legal operation modes even in a theoretical example. That could be misleading and could suggest questionable applications generally. Just like during teaching the traffic rules: never show an example how one can choose a route by driving in the wrong direction in a one-way street, even if it seems to be possible.
